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Abstract
Abatement of the strong greenhouse gas methane in vehicle applications by use of cat-
alytic end-of-pipe technologies is challenging due to the prevailing reaction conditions
with low temperatures and high water content. In this thesis, the mechanisms be-
hind low-temperature water inhibition of lean methane oxidation over palladium-based
catalysts have been studied using an integrated experimental approach including wet-
chemical preparation of model catalysts with systematic variation of key performance
parameters, transient measurements of reaction kinetics in chemical flow reactor, and
operando infrared and X-ray absorption spectroscopic characterisation.
For Pd/γ-Al2O3 catalysts, well developed PdO particles is the most active phase and
the apparent activation energy for methane oxidation is significantly higher in presence
of water. It increases with decreasing palladium particle size in the presence of water
as opposed to dry conditions where it decreases slightly. Linear and bridge-bonded hy-
droxyl surface species on alumina evolve during dry methane oxidation by spill-over
of hydrogen species to the PdO-Al2O3 rim, which correlates with a declining catalytic
activity. Addition of water causes severe hydroxylation of the Pd/Al2O3 catalysts that
significantly hamper the methane turnover frequency. On the contrary, for Pd/ZSM-5
catalysts, hydroxyl formation on the Pd-ZSM-5 rim can not be detected in dry condi-
tions, and is minor upon water addition.
A high but not too high palladium dispersion, with palladium particle size not
smaller than about 2 nm, is suggested for Pd/γ-Al2O3 catalysts as to balance water tol-
erance against palladium utilization. Lastly, ZSM-5 supported Pd-based catalysts show
outstanding long-term performance for methane oxidation in the presence of water va-
por compared to catalysts supported by γ-Al2O3. This finding stimulates the use of
hydrophobic support materials given that palladium particles are sufficiently stabilized.
Keywords: Sustainable transports; Environmental catalysis; Methane oxidation; Sup-
ported palladium; Water inhibition; Operando spectroscopy; DRIFTS; XAS
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CHAPTER 1
INTRODUCTION
Increasing atmospheric concentrations of greenhouse gases cause the Earth’s tempera-
ture to rise [1]. A great challenge for mankind is thus to rapidly reduce anthropogenic
emissions to acceptable low levels as to preserve the global average temperature within
a bearable range and maintain ecological prosperity [2]. The shift from coal to natural
gas in the heat and power generation sectors has in recent years led to reduced emis-
sions of carbon dioxide (CO2) in several developed economies [3]. Natural gas is, as the
name implies, a naturally occurring resource with large reserves in the Earth’s crust. It is
a mixture of hydrocarbons that upon combustion generates the least amount of CO2 per
unit of energy released among all fossil fuels [4,5]. This is thanks to the high hydrogen-
to-carbon ratio of the main constituent methane (CH4) [6]. The shift to natural gas also
benefits local environments as it burns cleanly with low emissions of nitrogen oxides
(NOx) and particulate matter [7]. Still, however, natural gas is a fossil fuel. The more
sustainable approach would be to use a renewable source of methane, for example bio-
gas that can be upgraded to natural gas standards by removing unwanted impurities
such as CO2, water, hydrogen sulphide, nitrogen, oxygen, ammonia and siloxanes [8].
Mixtures in any proportions are then possible, making methane rich fuels a plausible
candidate in a future fuel mixture less dependent on conventional fossil fuels [9–11].
The transport sector is recognized as one of the main sources of atmospheric pol-
lution. In 2017 it accounted for about a quarter of the global greenhouse gas emissions
[12], and the public’s concern about severe air pollution and health effects is rising.
Thus, vehicle manufacturers consider methane rich fuels as a way forward to decreased
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pollution. The methane rich fuels are especially applicable for long-haul heavy-duty
trucks where the electrification of the powertrain is difficult to attain. Unfortunately,
methane is a potent greenhouse gas itself with a global warming potential 28 times
higher than that of CO2 over a 100-year period [13]. To make use of the benefits of
using natural gas and biogas fuels, methane emissions must be avoided. To do so, ever
stricter emission regulations are implemented. In the Euro VI emission standard for
heavy-duty vehicles, a methane limit of 0.5 g/km is set for the exhaust during transient
testing. This is less than 50% of the allowed limit in Euro V (1.1 g/km) and indicates
a more stringent trend [14]. As no combustion is ideal, there is always a risk of slip of
methane from the engine, which follows the exhaust stream. To prevent methane and
other pollutants from reaching the atmosphere, catalytic converters are installed in the
exhaust system as an end-of-pipe solution. Particularly harmful emissions can thereby
be converted into less harmful compounds over appropriate catalyst formulations and
(to some extent) by controlling the operational conditions.
1.1 Environmental catalysis
Catalytic converters for vehicle emission abatement rely on heterogeneous catalysis.
This means that the catalysts are solids, usually functionalised porous high-surface area
materials that host the catalytic active sites, whereas the reactants and products are
present in a fluid phase. In terms of chemical engineering this represents a diffusion-
reaction system as during the catalytic process, the reactants/products are transported
to/from the catalytic sites onto which the chemical reactions occur. For rapid reactions,
the transport of reactants from the bulk fluid to the catalyst external surface (external
mass transfer) or from the external catalyst surface to the active sites in the pores (in-
ternal diffusion) may control the overall rate [15, 16]. Thus, the overall conversion is
not solely dependent on the intrinsic activity of the catalyst but also on the geometrical
dimensions of the catalyst, e.g., substrate form and pore size, and the flow properties.
This thesis concerns foremost understanding of intrinsic catalytic kinetics.
A catalyst is a material that increases the rate of a chemical reaction without being
consumed. As illustrated in Figure 1.1a, a higher energy barrier must be passed to con-
vert reactants to products for a gas-phase reaction as compared to the corresponding
catalytic reaction where an alternative energetically more favourable pathway is pro-
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Figure 1.1: Illustration of a) the lower energy barriers for a catalysed reaction compared to the gas-phase
reaction and b) some elementary steps of catalysed methane oxidation on a palladium oxide surface.
vided. The catalytic reaction path consists of several elementary steps that express how
molecular bonds are rearranged to form a specific product [17]. A catalysed reaction
is (usually) kinetically accelerated because intermediate reaction species are stabilised
by the catalyst surface and the likelihood for collisions is higher on the surface than in
gas phase. The overall change in energy, however, when reactants form products is the
same whether or not a catalyst is present because it is dictated by the laws of thermody-
namics. The overall rate for a catalytic reaction is commonly associated with the slowest
elementary step, known as the rate-limiting step. To improve the function of the cata-
lyst based on knowledge, it is important to understand the different processes involved
in the product formation. Typical elementary steps for a heterogeneously catalysed
reaction that need attention are reactant adsorption, surface diffusion, surface reac-
tion between intermediates and product desorption, which are shown in Figure 1.1b.
The illustrated steps in Figure 1.1b are taken from a detailed theoretical kinetic model
that describes complete methane oxidation over an ideal palladium oxide surface, i.e.,
PdO(101) [18]. The PdO(101) surface has been identified as the most active palladium
oxide surface for complete methane oxidation as it provides active sites with the lowest
energy barrier for dissociative methane adsorption, which commonly is considered to
be the rate-limiting step [19, 20]. Dissociative adsorption of methane to methyl and
hydroxyl species is shown on the left hand side of Figure 1.1b. The methyl intermediate
may then react further with under-coordinated oxygen atoms in the lattice according
to a Mars-van Krevelen mechanism [18]. In order for the catalytic cycle to proceed,
reoxidation of oxygen vacancies by oxygen adsorption and dissociation is required. Fig-
ure 1.1b illustrates surface reactions between two hydroxyl species (middle) and carbon
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monoxide (CO) with a lattice oxygen (right). Desorption of the formed water and car-
bon dioxide adsorbates then occurs by breakage of the surface bonds to the products.
At the heart of catalysis is to design active sites that possess a high intrinsic activity. In
general, the high intrinsic activity is achieved when the interactions between reactan-
t/product species and the active sites are neither too strong nor too weak [21]. A too
strong interaction impedes surface diffusion and/or product desorption whereas a too
weak interaction between reactants/intermediate will make the catalyst to fail to acti-
vate the reactants and facilitate collisions between surface intermediates. This is called
the Sabatier principle.
Catalytic oxidation of methane is a challenging task. Even with the most efficient
catalytic converters presently known, the desired methane conversion is often too low.
A common explanation for this is the difficult activation of methane by the catalyst. This
is due to the low sticking probability of methane, which is related to the highly symmet-
rical tetrahedral shape of the methane molecule with four nonpolar covalent bonds that
withstands chemical attacks well [22, 23]. The most active catalyst formulations for
complete oxidation of dilute methane are metal oxide supported noble metals, which
have been used for decades. Thanks to their high thermal stability, high surface area
and excellent mechanical strength, aluminium oxides (Al2O3), known as alumina, are
commonly used as support material for palladium, sometimes promoted with platinum,
in conventional abatement systems [24]. The palladium-alumina catalysts, however,
are known to be susceptible to water vapor that strongly inhibits the methane oxidation
reaction. This is a main challenge as large quantities (10–15 vol%) of water vapor are
formed during methane combustion in the engine [25]. Figure 1.2a shows the dramatic
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Figure 1.2: Effect of a) 10% H2O and b) 20 ppm SO2 on 0.1% CH4 + 2% O2 over Pd/Al2O3.
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difference in methane conversion over a Pd/Al2O3 catalyst for dry and wet conditions.
Initially in dry conditions, about 95% of the methane is converted to carbon dioxide.
An initial rapid drop in methane conversion is observed upon introduction of water va-
por followed by a slower continuous decrease to <35% during 30 min of exposure to
10 vol.% water vapor. The inhibiting effect of water vapor on methane oxidation over
Pd/Al2O3 catalysts has been observed up to relatively high (550 ◦C) reaction temper-
atures, and no general agreement on how to explain the kinetic effects has yet been
reached [25–28]. Some studies claim that the inhibiting effect is reversible and that
the initially high catalytic activity can be regenerated by high-temperature treatment
[29, 30]. This can, however, not serve as a main solution as the thermal sintering of
palladium at high temperatures is too severe in the presence of water vapor [31–34].
In addition to water vapor, other detrimental compounds like sulphur and phosphorus
oxides, may be present in the exhaust. Figure 1.2b shows that the presence of sulphur
dioxide (SO2), already in ppm level, can severely deactivate the catalyst. Unlike water
vapor, which will always be present in the exhaust due to it being a combustion product,
catalytic poisons such as SO2 can to larger extent, although not completely, be avoided
by implementing strict regulations of the fuel purity.
1.2 Research approach
In this work, a structured bottom-up approach has been implemented to examine the
inhibiting effect of water vapor on methane oxidation for Pd-based catalysts in oxygen
excess. The individual components (active and support material) of the model catalysts
were studied independently as well as combined understand complications that may
arise from interactions between the active phase and support. Various model catalysts
with relatively low complexity were prepared using different Pd loadings, Pd precursor
solutions, calcination temperatures and support materials with the aim to understand
how catalyst properties impact the function of the catalyst. Working with simplified
catalyst formulations is in one sense a way to bridge the materials gap between com-
plex industrial catalysts and well-defined surfaces of single crystals. Physicochemical
findings may then be utilized to develop fully formulated catalysts with high complexity
targeted to better sustain high performance in specifically harsh conditions.
Four experimental key steps, represented in Figure 1.3, were put into practice in the
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Characterisation Figure 1.3: Schematic representa-
tion of the main steps used in this
thesis to study catalytic methane ox-
idation. Successful sample prepara-
tion is confirmed by physicochemi-
cal characterisation and preparation
of new catalysts is guided by both
kinetic analysis and operando spec-
troscopy measurements.
strive to build understanding of the mechanisms behind water inhibition. The first step
is sample preparation that includes, on the one hand, preparation of powder samples of
palladium oxide and support materials and, on the other hand, syntheses of supported
powder and monolith catalysts. Charaterisation of the physicochemical properties of the
prepared samples was then made in a second step as to investigate whether or not the
preparation was successful. If an important property of the sample, e.g., palladium load-
ing or dispersion was poor, the preparation was either repeated or the type of sample
formulation was disregarded. For samples that turned out to have compelling proper-
ties, kinetic evaluation of catalytic activity and selectivity was performed in a third step.
The fourth step concerns operando spectroscopy. The term operando spectroscopy gen-
erally emphasizes that spectroscopic data is collected in experiments carried out under
(relevant) reaction conditions and that the performance of the material under study is
evaluated simultaneously [35, 36]. In the field of heterogeneous catalysis, this allows
for correlation of catalyst structure and surface species with apparent catalytic reaction
kinetics. Knowledge of such catalyst structure-function relationships is highly valuable
when designing new efficient catalyst formulations for certain environments, such as
catalysts for methane oxidation in the presence of water vapor.
1.3 Objectives
The aim of this thesis is to bring forward mechanistic explanations for the observed
water inhibition of methane oxidation over supported palladium-based catalysts at con-
ditions relevant for methane emission control and based on these findings propose new
catalyst formulations with increased water tolerance.
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CHAPTER 2
THE MODEL CATALYST
Commercial catalysts designed for real applications often have a rich structural varia-
tion that hinders mechanistically conclusive studies. Unlike commercial catalysts, model
catalysts are prepared to achieve (sufficient) structural control with the purpose to fa-
cilitate deep investigations and building of knowledge of relevant phenomena. The
gained insights can then be applied to improve existing catalyst formulations and their
synthesis or develop new catalyst concepts [37]. The model catalysts in this work are
simplified versions of commercial ones that have been prepared by industrially rele-
vant scalable methods. This chapter describes first the methods used for preparation of
model catalysts and then the techniques used for basic catalyst characterisation together
with some key findings. The final part contains a summary in tabular form of the most
important properties for all catalysts used in this thesis.
2.1 Catalyst preparation
Catalyst manufacturing techniques are continuously developed as to improve catalyst
formulations for established processes and enable new reaction routes. Some of the
most frequently used techniques today are incipient wetness impregnation (IWI), pre-
cipitation, sol-gel processing, hydrothermal synthesis and templating [38]. The powder
catalysts prepared in this work were synthesised by incipient wetness impregnation also
known as dry impregnation. This is one of the most common preparation methods used
for industrial production of supported catalysts thanks to its relative simplicity and low
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Figure 2.1: a) Pd/Al2O3 powders samples with 0.25, 1 and 2 wt% palladium, b) a ceramic monolith
substrate coated with Pd/Al2O3, c) optical microscopy image of the coated monolith cross-section, and
d) electron microscopy image of a Pd/Al2O3 washcoat used in reactor experiments.
waste production streams [39]. In some cases the powder catalysts were applied onto
ceramic monolith substrates by washcoating.
2.1.1 Incipient wetness impregnation
The incipient wetness impregnation method involves three basic steps starting with
thorough mixing of the support material with the precursor solution that contains the
elements for the active phase. To enable a high dispersion of the active phase, the added
volume of precursor solution should be equivalent to the pore volume of the support
material. When saturation is reached, the mixture obtains a paste consistency. The
sample paste is then dried as to remove the absorbed liquid from the pores. The dried
powder is subsequently activated by calcination at high temperature for a certain period
of time.
The chemistry occurring during the IWI preparation depends on many parameters
that can be optimized as to attain the desired impregnation profile. The final active
metal dispersion is strongly influenced by interrelated parameters of the reacting sys-
tem such as pH, viscosity, precursor complex type and concentration, and choice of
counter ions [38]. A high interaction strength between the support and the metal pre-
cursor complex is important, and can be facilitated by adjusting the pH of the solution.
By matching the charge of an active metal complex in a solution with a support surface
of an opposite charge, electrostatic interactions are created [40]. This requires knowl-
edge about both the charge of the complex and the isoelectric point of the support, i.e.
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the pH at which the surface charge is zero [41]. The model catalysts used in this the-
sis have been prepared using knowledge gained after rigorous synthesis optimization.
Thereby catalysts with high control of the palladium dispersion for different supports
and palladium loadings could be prepared.
The main support material in this work is γ-Al2O3 and to some extent ZSM-5 with a
high silica to alumina (SAR) ratio of approximately 2000. Other support materials such
as silica, cerium oxide, boron nitride and silicon carbide have also been used but just oc-
casionally and are not included in the thesis. Catalysts with palladium loadings varying
from 0.25 to 4 wt.% were prepared using different amounts of palladium precursor so-
lutions. Figure 2.1a, shows the color gradient with increased palladium loading (0.25,
1 and 2 wt.% Pd) for some typical Pd/γ-Al2O3 powder samples. Thermal treatment of
the powder samples in air was performed at temperatures ranging from 500 to 900 ◦C
for several durations. A set of model catalysts with different palladium loadings but
similar palladium areas was prepared by controlled thermal treatment with matched
temperatures and durations.
2.1.2 Washcoating of monolith substrates
Some of the prepared powder catalysts were washcoated onto honeycomb structured
cordierite monolith substrates (Corning, 400 cpsi, L=20 mm, =14) for kinetic exper-
iments in a flow reactor. A slurry of catalyst powder and a suitable binder material was
first mixed in a 50/50 solution of Milli-Q water and ethanol. The monolith substrate
was immersed in the slurry and the channels were filled by capillary forces. The mono-
lith was then dried under a heating gun in air at about 100 ◦C for 2 min, followed by
calcination at about 500 ◦C for 2 min. The coating procedure was repeated until 200 mg
of solid had been coated onto the monolith. Finally, the coated monoliths were calcined
in a furnace at 500 ◦C for 2 h in air. Figure 2.1b shows a monolith substrate coated with
a Pd/Al2O3 powder sample with 1 wt% palladium. Optical microscopy imaging shown
in Figure 2.1c clearly indicates that the coating is thicker in the corners than on the
sides of the monolith channels. A uniform coating is one of the challenges encountered
during washcoating. Other issues may arise due to blockage of pores and active sites,
poor adhesion, cracking and loss of catalyst over time.
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2.2 Catalyst characterisation
Thorough catalyst characterisation plays a vital role for the interpretation of kinetic
measurements and to build fundamental understanding of the catalytic system at hand.
Today numerous analysis techniques are available. Here, the techniques used for de-
termination of elemental composition, specific surface area, active metal dispersion,
palladium particle shape and catalyst structure are described. The gained physicochem-
ical knowledge has been essential for interpreting the kinetic and spectroscopic results
presented further on.
2.2.1 Composition
Quantitative analysis of the elemental composition of a catalyst can be achieved by a
variety of methods. In this work, inductively coupled plasma optical emission spectrom-
etry (ICP-OES) and X-ray fluorescence (XRF) measurements have been used to deter-
mine the palladium loading of the catalysts. When used properly, the two techniques
are capable of giving excellent accuracy and precision.
ICP-OES measurements
To determine the palladium content of a sample with ICP-OES, about 30 mg of powder
sample was first digested in aqua regia at 180 ◦C in a microwave oven. By spraying
the sample solution as an aerosol directly through a plasma flame, all molecules break
down into charged ions. The characteristic wavelengths of the radiation that is emitted
when the ions recombine to their ground state was measured [42]. Quantitative deter-
mination of the palladium loading was finally obtained by comparing the intensity with
calibration standards of known elemental compositions.
XRF measurements
X-ray fluorescence is similarly to ICP-OES an atomic emission method where the wave-
length and intensity of emitted radiation from energized atoms are measured [43].
Prior to elemental analysis, pellets were prepared by mixing 0.5 g of powder sample
with 2.7 g of binder material (SpectroBlend™, Chemplex Industries Inc). To achieve a
highly homogeneous mixture, the powders were thoroughly mixed for 10 min. The mix-
ture was then pressed to pellets under a pressure of 14 bar. The pellet was then placed
10
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Figure 2.2: Elemental analysis of palladium by Inductively coupled plasma optical emission spectrometry
and X-ray fluorescence.
in a sample holder in the instrument and subsequently radiated with high-energy X-ray
radiation. Electrons from inner orbitals are then ejected, which leads to the formation of
an unstable electronic structure with electron holes. When electrons in higher orbitals
falls back to the electron holes, fluorescent radiation of characteristic energies is emit-
ted from the elements present in the sample. Calibration standards of known elemental
composition are hence also with this technique required for quantitative analysis.
As for all techniques potential sources of error exist. The bar graph of Figure 2.2
compares the elemental analysis of palladium for a series of Al2O3 supported catalysts
prepared to be impregnated with 0.25, 0.5, 1, 2 and 4 wt.% palladium. The analyses
confirm that the palladium loading is fairly close to target. A systematic error is however
indicated for the XRF method, which results in a slightly lower measured elemental
concentration of palladium compared to ICP-OES.
2.2.2 Specific surface area
The specific surface area (SSA) is defined as the total surface area per unit of mass and
is an important physical property to consider when choosing a support material for a
catalyst. The catalytic conversion is governed by a higher number of active sites. To
achieve this, a high SSA of the support is advantageous as it provides a high surface
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Figure 2.3: a) Nitrogen adsorption and desorption isotherms for a porous solid
(Pd/Al2O3). b) Example of a BET plot.
area onto which the active metal can be dispersed. The SSA is determined by nitrogen
physisorption. This method mainly involves weak interaction between the adsorbent
and adsorbate via van der Waals forces. Prior to analysis, about 150 mg of sample
was added to a quartz tube and dried at 225 ◦C for 3 h in a flow of nitrogen gas to
get the actual dry weight of the sample. The quartz tube with the dried sample was
then mounted in the instrument (Micromeritics, ASAP 2020 Plus) where it was cooled
to -196 ◦C in liquid nitrogen. The molar quantity of gas adsorbed (Va) was monitored
while the relative pressure of nitrogen (P/P0, where P is the actual gas pressure and
P0 is the vapor pressure of nitrogen) was increased step-wise from close to 0 to close
to 1. The relative pressure was finally decreased from close to 1 to close to 0. For
mesoporous materials like the Pd/Al2O3 catalyst, the plot of adsorbed nitrogen versus
relative pressure creates an adsorption/desorption isotherm with a hysteresis as shown
in Figure 2.3a.
In addition to the physisorption measurements, a theoretical method known as
the BET theory from the surnames of its originators Brunauer, Emmett and Teller, is
required for SSA determination [44]. The BET theory is a generalized approach of
the Langmuir adsorption model, which describes the equilibrium between molecules in
gas phase and molecules adsorbed on a surface [45]. The BET approach also treats
multilayer adsorption and compared to the Langmuir model, a few more assumptions
must be fulfilled [46,47]:
• The adsorbent surface is uniform.
• The adsorption energy is constant for the first layer and equals the molar heat of
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condensation for all layers except the first.
• The top layer is in equilibrium with the gas phase.
• The number of adsorption layers approaches infinite when the actual pressure
equals the vapor pressure.
The SSA of the adsorbent can be calculated using equation 2.1. Here, Vm is the quantity
of gas adsorbed to form a monolayer, σ is the area of the surface occupied by a single
adsorbed gas molecule, NA is the Avogadro constant, m is the mass of the adsorbent,
and V0 is the molar volume of the gas:
SSA = VmσNA
mV0
(2.1)
In the case when nitrogen is used as the adsorbate, equation 2.1 can be simplified to:
SSAN2 =
4.35Vm
m
(2.2)
The Vm can be obtained from the slope and intercept of the regression line in the BET
plot, see Figure 2.3b. The BET plot relates to the BET equation, which is written in its
linear form in equation 2.3, where C is a constant:
P
Va(P0 − P ) =
C − 1
Vm C
P
P0
+ 1
Vm C
(2.3)
2.2.3 Palladium dispersion
A high dispersion of the active metal is desirable to create many catalytic sites and
utilize the included active component well. Dispersion is the relation between surface
and bulk atoms of the elements in question. To determine the number of active sites
one commonly uses selective chemisorption methods. Contrary to the physisorption
measurements, chemisorption is an activated process where the net heat of adsorption
increases with increased temperature [47]. The technique relies on strong interaction
between the chemisorbed adsorbate and the active metal atom(s), typically involving
the sharing of electrons. The chemisorbed layer is assumed to not exceed a single
molecule thickness [48].
CO chemisorption measurements
Carbon monoxide chemisorption measurements were used to determine the palladium
dispersion (DPd), area (APd) and particle size (dPd) for the model catalysts. To ensure
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Figure 2.4: a) Isotherms generated by volumetric chemisorption of carbon monoxide at 35 ◦C over a
Pd/Al2O3 catalyst with 0.23 wt% Pd. Green and red circles represent the first and repeated analysis,
respectively while grey circles represent the difference between the two analyses. b) Examples of the
difference isotherms for Pd/Al2O3 catalysts with 0.23, 0.93 and 3.6 wt% Pd.
reliable and reproducible results, the samples were prior to analysis oxidised, reduced
and evacuated at 500 ◦C for 1 h per step. The temperature was then decreased to 35 ◦C
and the reduced active metal was exposed to CO using pressure increments of 25 mm Hg
between 100-600 mm Hg. After each increment, the pressure was allowed to settle
equilibrium and the adsorbed quantity was measured. The analysis was repeated once
to obtain a second isotherm, see Figure 2.4. The first adsorption isotherm is considered
to include both chemisorbed and physisorbed CO while the second isotherm is assumed
to be reversible and only include physisorbed CO. By subtracting the second isotherm
from the first, an approximation of the chemisorbed CO is represented as a plateau. The
volume of the chemisorbed monolayer of CO on the active surface (VChem) was then
determined by extending a line from the plateau to the y-axis. Figure 2.4b shows three
examples of the chemisorbed isotherm for Pd/Al2O3 catalysts with different palladium
loadings.
The palladium dispersion was determined using the volume of the chemisorbed CO
monolayer (VChem) according to:
DPd =
VchemWAFS
VmolM
100% (2.4)
where WA is the atomic weight of the metal, Vmol the molar volume of the adsorbate,
M the percent of active metal by weight in grams per gram of sample, and FS the
stoichiometry factor. FS is the ratio of the number of active surface atoms interacting
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with one adsorbed molecule. For a chemisorbed molecule like carbon monoxide that
binds in multiple configurations (linear and bridge bonded) to the surface depending
on the structure of the surface [49–51], the FS is not always easy to determine. Typical
literature values assume FS to be 1 or 2. In this work, however, a thorough method
involving infrared CO chemisorption measurements and deconvolution of the carbonyl
vibrational bands was implemented to determine FS as detailed in section 4.2.3.
The active palladium area (APd) of the sample is another concept that has been
used when comparing the performance of different catalysts. APd is expressed in the
unit m2/g sample and reflects the palladium area accessible for reactants to adsorb and
transform on. It can be determined by:
APd = naFSasNA (2.5)
where VChem (determined from the adsorption isotherms) instead is expressed as the
number of mole of gas adsorbed in a monolayer (na). The cross-sectional area (as) of
the chemisorbed molecule is also needed.
A third way to use chemisorption measurements is by estimating the average active
particle diameter (d). For the palladium particles used in this thesis, a hemispherical
geometry has been assumed, which was confirmed by electron microscopy (see section
2.3.4). In this case, the palladium particle diameter dPd is calculated according to:
dPd =
9
ASmγ%ρ
(100) (2.6)
using the active metal area per gram of pure metal (Asm), the metal density (ρ), the
area-to-volume ratio (9/d), and the metal dispersion (D).
Figure 2.5 shows an example where the palladium area is plotted versus the palla-
dium loading for a series of model catalysts were the elemental palladium composition
varies from 0.23 to 3.6 wt.%. An increased palladium area with palladium loading is
observed for the powder samples. At high palladium loadings, the increase in palladium
area is somewhat stalled. This indicates that the palladium area approaches a plateau,
and that the preparation of catalyst with higher loadings will not improve the catalytic
performance significantly. Furthermore, the trends observed for the coated monolith
samples in Figure 2.5 reveal a large drop in palladium area compared to the powder
samples. This is likely due to a poor coating procedure where both active sites and pores
are blocked.
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2.2.4 Particle size and shape
As mentioned in the previous section, assumptions of a specific particle shape is re-
quired to determine the particle size by chemisorption measurements. To find out the
true shape and size, imaging with microscopic methods can be applied. One such tech-
nique is scanning transmission electron microscopy (STEM), which has been used in
this work to learn more about palladium particles dispersed on alumina. In STEM mea-
surements, electromagnetic lenses are used to focus the electron beam to create a small
probe which is scanned over the sample. Transmitted electrons, scattered with a large
angle are then detected. This technique is called high-angle annular dark-field (HAADF-
STEM) and it allows for a very high resolution to be used [52]. The detected intensity
is a function of the atomic number of the element and heavier elements hence appear
brighter. Prior to STEM imaging, the catalyst powder was mixed with ethanol and dis-
persed onto a Lacey carbon copper grid. The grid was then dried for at least 60 minutes
before placed in the sample holder in the microscope.
HAADF-STEM measurements
Palladium particles dispersed on γ-Al2O3 are observed as bright spherical spots in Fig-
ure 2.6. For a Pd/γ-Al2O3 catalyst calcined at 500 ◦C, numerous of small particles with
diameters from 1 to 5 nm are observed in Figure 2.6a. An average particle diame-
ter of 2.4 nm (N = 227) correlates relatively well to CO chemisorption measurements
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Figure 2.6: HAADF-STEM imaging of Pd/γ-Al2O3 catalysts calcined at 500 ◦C (a) and 900 ◦C (b).
(dPd = 3.4 nm). The slightly smaller particle size observed with electron microscopy
imaging is likely due to palladium incorporation by the γ-Al2O3 support, making parts
of the active surface inaccessible. A significantly increased particle size is revealed in
Figure 2.6b for a catalyst calcined at 900 ◦C. The sintered palladium particles are here
adapted to the morphology of the surrounding support. The average size of the agglom-
erated palladium particles for this sample is equivalent to a spherical diameter of 32 nm
(N = 228). This is larger than estimated by CO chemisorption, which likely originates
from the uneven, high surface area morphology of the agglomerates. Chemisorption
is also highly sensitive to unsintered palladium particles and atomic clusters that are
difficult to detect by electron microscopy.
Oxidised versus reduced palladium particles
The impact of reduction on PdO particle size and shape was studied with in situ STEM.
For these measurements, the catalysts were ground and dry dispersed onto microelec-
tromechanical systems (MEMS) heating chips. The samples were first heated in vacuum
to 500 ◦C in the electron microscope. Hydrogen was subsequently introduced to the
sample compartment while keeping the temperature at 500 ◦C. As demonstrated in Fig-
ure 2.7, the palladium particle size is minimally changed when a particle is reduced by
hydrogen from an oxidised state. Some minor changes are however observed and high-
lighted with black and white arrows in Figure 2.7a and b. The white arrows indicate
that some particles on the Pd/γ-Al2O3 catalyst calcined at 500 ◦C merge in the pres-
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Figure 2.7: In situ STEM micrographs of a Pd/γ-Al2O3 catalyst calcined at 500 ◦C (a and b) and 900 ◦C
(c and d) acquired while heating the catalysts in vacuum to 500 ◦C (a and c) and in 0.05 Pa of H2 at
500 ◦C (b and d).
ence of hydrogen. The black arrows capture another trend where a particle increases
in size even though it does not merge with any neighbouring particles. The latter trend
was also observed for the Pd/γ-Al2O3 catalyst calcined at 900 ◦C in Figure 2.7c and d.
When exposed to reducing conditions, the formed Pd agglomerates appear to spread
a bit more over the support. Similar re-shaping has been reported for larger single
crystalline particles by Zhang et al. [53]. These results support that CO chemisorption
can be used as a good measure of the PdO particle size, although not measured in an
oxidised state as the catalyst is supposed to operate in.
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2.2.5 Crystalline phases
Powder X-ray diffraction (XRD) is employed to determine bulk crystalline structures
of matter. It relies on the scattering of X-rays caused by their interaction with matter.
The wavelength (λ) of the radiation should be in the same order of magnitude as the
length of the periodic spacing (dhkl) between crystal planes for a useful interaction to
occur. Laboratory X-rays are typically produced by acceleration of an electron beam
onto a metal, for example onto copper resulting in an X-ray beam with a wavelength of
0.154 nm. Undesired frequencies are filtered away using a nickel filter. A diffraction
pattern will be obtained only at specific incident angles when elastically scattered X-
rays from different planes are in phase, i.e. when constructive interference is fulfilled.
Figure 2.8 illustrates the reflection of monochromatic X-rays (A and D) by a crystal.
The ray denoted A is scattered by the atom at position B while ray D is scattered by
the atom at F. Their incident angle to the lattice planes with Miller indices hkl and the
interplanar spacing dhkl is θ. For the reflected X-rays to emerge as a beam with higher
intensity, constructive interference has to take place. This means that the difference
in path length (EF + FG) has to equal an integer number (n) of the wavelength λ.
Since the path length EF and FG equal each other as well as dhklsinθ, the difference in
path length can be written 2dhklsinθ. Bragg’s law (equation 2.7), can accordingly relate
interplanar spacings to diffraction peaks at specific incident angles:
nλ = 2dhklsinθ (2.7)
d
λ
θ
θ
2θ
θ
A
B
C
D H
E
F
G hkl
Figure 2.8: Schematic representation of the Bragg reflection of X-rays by a crystal with the interplanar
spacing dhkl.
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The width of the diffraction peak decreases as the crystallite size increases. This
is due to a more complete destructive interference for larger crystallites compared to
smaller ones where a deficiency in lattice planes broadens the peak. The effect is used
in the Debye-Sherrer equation (2.7) to estimate the mean crystallite size (τ). Here, β
is the the full width at half maximum of the diffraction peak and κ is a dimensionless
shape factor:
τ = κ λ
β cosθ
(2.8)
XRD measurements
Prior to XRD measurements, the catalyst powder sample was added to a sample holder
and a piece of glass was used to flatten the surface to achieve a smooth top layer. The
measurement was then performed by irradiating the powder sample with monochro-
matic X-rays and varying the incident angle (θ) from 20 to 70 ◦. The sample holder was
rotated throughout the measurement with 15 revolutions per minute as to cover a larger
sample area and improve the statistics. The X-ray diffractograms in Figure 2.9 show that
the Pd/γ-Al2O3-500 sample has an almost identical diffraction pattern as bare γ-Al2O3.
This indicates that a majority of the PdO particles are too small (and/or amorphous)
for diffraction to occur. This interpretation agrees well with both CO chemisorption and
STEM analysis. The pure PdO and Pd/γ-Al2O3-900 powder samples contain sufficiently
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Figure 2.9: X-ray diffraction patterns of PdO (grey), γ-Al2O3 (black), Pd/γ-Al2O3-500 (blue) and Pd/γ-
Al2O3-900 (red).
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large and crystalline PdO particles as to give rise to distinct PdO reflections. From the
diffraction peak at approximately 34 ◦ and using the Debye-Sherrer formula, a mean
PdO particle diameter of 17 and 11 nm was estimated for PdO and Pd/γ-Al2O3-900,
respectively. The PdO particle size calculated for the model catalyst was larger than
measured for reduced particles by CO chemisorption, but smaller than observed with
electron microscopy.
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2.3 Summary of model catalysts
Table 2.1 shows the denoted sample ID’s of the model catalysts used in this thesis along
with physicochemical properties.
Table 2.1: Sample ID, calcination conditions, Pd loading, specific surface area (SSA), Pd dispersion
(DPd), specific Pd area (APd), Pd particle diameter (dPd), and apparent PdO particle size (dPdO)
shown for the powder samples used in this thesis.
Sample ID Calcination Pd load SSA DPd APd dPd dPdO
[wt.%] [m2/g] [%] [m2/g] [nm] [nm]
Paper I
0.23PdAl 500◦C, 2h 0.23 145 93 0.96 1.2 -
0.47PdAl 500◦C, 2h 0.47 144 73 1.5 1.5 -
0.93PdAl 500◦C, 2h 0.93 146 54 2.3 2.1 -
1.9PdAl 500◦C, 2h 1.9 140 34 2.9 3.3 -
3.6PdAl 500◦C, 2h 3.6 138 21 3.4 5.3 -
0.47PdAl-TT 800◦C, 7h 0.47 134 47 0.99 2.6 -
0.93PdAl-TT 850◦C, 3.5h 0.93 129 32 1.3 3.5 -
1.9PdAl-TT 900◦C, 4h 1.9 122 14 1.1 8.3 -
3.6PdAl-TT 900◦C, 6h 3.6 118 8.5 1.3 13 -
Paper III
PdO - 87 13 - 7.2 61 17
Pd/γ-Al2O3-500 500◦C, 2h 1.9 140 33 2.9 3.4 -
Pd/γ-Al2O3-900 900◦C, 2h 1.9 130 10 0.93 11 18
Paper IV
Pd/Al2O3 500◦C, 1h 5 - 20 - - 6
Paper V
Pd/Al2O3-D57% 500◦C, 2h 1.7 142 57 4.3 2.0 -
Pd/Al2O3-D14% 900◦C, 2h 1.8 131 14 1.1 8.0 18
Pd/ZSM-5-D21% 500◦C, 2h 1.8 387 21 1.7 5.4 -
Pd/ZSM-5-D5.2% 500◦C, 2h 1.7 368 5.2 0.39 22 37
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CHAPTER 3
CATALYTIC METHANE OXIDATION
The strive to develop catalysts with high activity for lean methane oxidation has for
several decades motivated trial-and-error approaches for preparation and evaluation
of many different catalysts formulations [54–57]. The general consensus among re-
searchers is that for oxygen excess conditions, palladium-based catalysts show the high-
est catalytic activity for methane oxidation at temperatures below 635 ◦C because under
these conditions, a stable phase of palladium oxide forms that possesses a high catalytic
activity [58]. In recent years, compelling evidence about preferred terminations of ideal
palladium oxide surfaces with low energy barriers for methane oxidation have been ob-
tained by in situ surface sensitive experimental techniques and first-principles calcula-
tions [18, 59–61]. As mentioned in the Introduction, dissociative methane adsorption
is typically considered to be the rate-determining step for methane oxidation and facets
with low energy barriers for this step are hence highly preferred. Over PdO(100), which
is the most common termination, the energy barrier is rather high [62–65]. The energy
barrier over the second most common termination [62, 66], PdO(101), is however sig-
nificantly lower and this surface is in fact recognized as the most active palladium oxide
facet for methane oxidation [59,67,68]. The PdO(101) surface contains palladium and
oxygen atoms with threefold coordinations. A lower repulsion is exerted on the methane
molecule that approaches a Pd atom having a threefold coordination compared to Pd
atoms with higher coordination numbers on other surfaces. This is thanks to the oxygen
atom located below the palladium atom for this structure, which depopulates the dz2
orbital that otherwise would repel the molecular orbitals of methane [59]. The facile
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methane dissociation on Pd(101) is thus not only connected to the low energy barrier
but also to the higher sticking probability of methane. Studies of methane oxidation
over ideal surfaces with atomic control bring conclusive results. Identified mechanisms
may operate also on supported palladium catalysts, however, comparisons should be
made with care. Supported palladium includes, in addition to ideal facets, a plethora
of sites on, e.g., connected facets, edges and corners as well as sites on the particle
rim in contact with the support. Thereby Pd sites with many different coordinations
might be present. The fraction of these (non facet) sites will be higher for small parti-
cles and eventually promote the overall reaction rate. Small particles will furthermore
have a higher fraction of surface sites close to the particle rim, i.e. metal sites adjacent
or in close vicinity to the support. In some catalytic systems, rim sites are believed to
have a significant role [69–72]. Strong metal-support interaction is another aspect that
may alter the catalytic activity of active sites, due to an electronic influence [73–75].
Theoretical studies on oxidation of carbon monoxide have provided evidence that the
interplay between different types of active sites should be considered to understand a
more complex reaction landscape [76].
To judge whether or not a catalyst formulation is better than another can be chal-
lenging. Reported measured catalytic activities may be influenced by experimental ar-
tifacts or obtained at conditions not in full reflecting the intrinsic activity. To compare
different catalysts based on conversion data one should normalise the rates. Turnover
frequency (TOF) is a normalised reaction rate that is often used in heterogeneous catal-
ysis. The TOF is determined by dividing the total number of converted molecules, here
methane, per unit time by the total number of metal surface sites on the catalyst [77]. In
doing this all surface sites are assumed to be identical, which is an assumption not free
from debate. Still, however, it may be a useful approach to enable at least a more fair,
although not perfect, comparison of catalysts than a direct comparison of conversions.
In this thesis TOF has been used when comparing methane oxidation reaction rates for
samples with different Pd loading, particle size, morphology and type of support mate-
rial. An example on how TOF is used for catalyst comparison is shown in Figure 3.1. It
shows the extinction profiles for alumina supported Pd particles (Pd/γ-Al2O3-500) and
a bare PdO powder sample. The methane TOF is significantly higher over the Pd/γ-
Al2O3-500 catalyst compared to the bare PdO powder sample at elevated temperatures.
The maximum TOF reached at high temperatures in dry conditions (Figure 3.1a) is al-
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Figure 3.1: Methane turnover frequency over Pd/γ-Al2O3-500 (black) and PdO (red) monolith samples
in a) 2% O2 + 0.2% CH4 and b) 2% O2 + 0.2% CH4 + 1% H2O.
most three times higher over Pd/γ-Al2O3-500 compared to PdO where the TOF tends
to flatten out on a relatively low level already at 400 ◦C. A possible explanation to the
higher catalytic activity for Pd/γ-Al2O3-500 can be the Pd particle size, where active
sites on kinks, edges and corners constitute a larger fraction of the available Pd. For the
larger PdO powder grains, a larger fraction of less active sites, for example on facets
like PdO(100), can be expected. Furthermore, active sites on rim between the PdO
particle and Al2O3 surface may contribute to the higher TOF over the Pd/γ-Al2O3-500
sample. In the presence of water vapor, a slightly different trend in catalytic activity
is seen (Figure 3.1b). A higher TOF is observed for the bare PdO powder compared
to Pd/γ-Al2O3-500 at temperatures below 350 ◦C. This indicates that active sites on Pd
particles dispersed on a support material like alumina are less tolerant towards water in
some conditions. At elevated temperatures however, a significantly higher rate is again
observed over the Pd/γ-Al2O3-500 catalyst, although lower than in dry conditions.
3.1 Catalyst evaluation in chemical flow reactor
To examine the catalytic performance of the model catalyst samples, a chemical flow
reactor was used. Depending on the form of the catalyst, powder or monolith, different
quartz tube reactors were mounted in the reactor setup. For powder samples, a verti-
cal tube with an inner diameter of 4 mm was used wheres a larger one with an inner
diameter of 15 mm was used horizontally for monolith samples. For experiments with
powder samples, approximately 140 mg of sample was placed between two layers of
quartz wool. A thermocouple was positioned in the upstream quartz wool layer close
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Figure 3.2: a) Methane conversion over a monolith coated with Pd/γ-Al2O3-500 during 15 h exposure
to 2% O2 + 0.1% CH4 + 10% H2O at 400 ◦C. b) Extinction profiles for the same catalyst (initially fresh)
in 2% O2 + 0.1% CH4 (black) and 2% O2 + 0.1% CH4 + 10% H2O (blue).
to the sample to monitor the inlet gas temperature. In the experiments with monolith
catalysts, an uncoated monolith was placed upstream of the sample and two thermo-
couples were used. One was placed in the uncoated monolith about 5 mm upstream
of the monolith catalyst to measure the inlet gas temperature, which was used for tem-
perature control. The second thermocouple was placed in the middle of the monolith
catalyst to measure the catalyst temperature. A metal coil that surrounded the quartz
tube was used for resistive heating in both the powder and monolith set-ups. The tubes
were insulated by quartz wool to get a more uniform and controlled heating of the cat-
alyst. Feed gas mixtures with CH4, O2, and Ar as carrier gas were introduced to the
reactor via mass flow controllers (MFC). Water vapor of different concentrations could
be fed to the reactor via a controlled evaporator mixer (CEM) device. The CEM sys-
tem consists of a controllable heater, a liquid MFC that provides water, and a gas MFC
that provides a carrier gas (Ar). The liquid water is vaporized in the furnace and car-
ried to the quartz tube reactor by the Ar flow in tubing heated to 200 ◦C. A total flow
of 200 mL/min was used for the powder measurements, which corresponds to a gas
hourly space velocity (GHSV) of 64,000 h−1. For the monolith experiments, a flow of
1200 mL/min was used, which corresponds to a GHSV of 32,000 h−1. The gas feed is
assumed to be well mixed and equally distributed through the channels of the monolith
samples as well as the powder bed. The effluent gas composition was analyzed by a
gas-phase Fourier transform infrared (FTIR) spectrometer.
Prior to catalytic activity tests, the samples were exposed to reaction conditions for
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a relatively long time. Figure 3.2a shows that at least 15 h of methane oxidation in wet
conditions is required to reach steady state over Pd/γ-Al2O3-500. This procedure can be
referred to as catalyst degreening and is important to consider for accurate evaluation
of supported noble metal catalysts. Otherwise incorrect conclusions may be drawn
from the data. For example an exaggerated emphasis on catalyst formulations with
high initial catalytic activity or formulations with higher long-term stability might be
overlooked just because its initial catalytic activity is somewhat low, although it might
meet performance requirements over time. The extinction profiles in Figure 3.2b show
that the ignition-extinction cycle between 300-500 ◦C needed to be repeated at least
four times in both dry and wet methane oxidation conditions as to be reproducible.
The total time for this experiment was 26 h and the observed methane conversion in
wet conditions at 400 ◦C correlates well with the degreening procedure displayed in
Figure 3.2a.
3.2 Kinetics in dry and wet conditions
The catalytic methane oxidation over both PdO and Pd/Al2O3 is clearly inhibited by wa-
ter. The remaining part of this chapter will mainly concern the wet methane oxidation
kinetics over Pd particles of various size. The performance of both powder and monolith
samples was evaluated in the absence and presence of water vapor, which lead to a few
general statements.
3.2.1 Methane conversion and product selectivity
Several gas phase components (carbon based) in the reactor effluent stream were moni-
tored to enable mass balance analysis and understand whether or not other compounds
than carbon dioxide are formed as methane is converted over Pd/Al2O3 catalysts. Fig-
ure 3.3a shows that all methane (1000 ppm) that is fed to the reactor is converted to car-
bon dioxide in dry conditions and oxygen excess (0-15 min). When oxygen is removed
from the feed (15-30 min), a rapid increase in methane concentration is measured in
the outlet. The carbon dioxide formation drops to a low level and carbon monoxide
instead becomes the main reaction product. Carbon monoxide is a highly unwanted
toxic side product and selectivity changes from total to partial oxidation of methane
should be avoided. In the presence of water vapor (cf. Figure 3.3b), approximately
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Figure 3.3: Outlet reactor gas concentrations of CH4 (black), CO (grey) and CO2 (green) from oxidation
of 0.1% CH4 over Pd/Al2O3-57DPd at 360 ◦C while periodically turning on/off 1.5% O2. Panel a shows
dry conditions, and panel b in the presence of 1% H2O.
65% of the fed methane is converted to carbon dioxide over the Pd/Al2O3 catalyst, and
almost no carbon monoxide is formed. Interestingly, a higher conversion of methane to
carbon dioxide is observed in the absence of oxygen in wet conditions compared to dry.
This is due to methane steam reforming and the water-gas shift (WGS) reaction where
methane first is converted to carbon monoxide that subsequently reacts further with
water to form carbon dioxide and hydrogen. In this respect it is thus an advantage to
operate methane abatment systems in the presence of water vapor as carbon monoxide
during oxygen deficiency periods can be converted to carbon dioxide once the minimum
temperature necessary to initiate the WGS reaction (light-off temperature) is exceeded.
3.2.2 Particle size effects
The Pd dispersion and particle size are important design criteria to consider for palladium-
alumina based catalysts used in catalytic emission control of methane combustion ex-
hausts. This is discussed in Paper I. It has been shown that the shape and size of metal
particles dispersed on a support may affect the catalytic performance for many different
reactions [78–82]. The remaining part of this chapter will focus on the role of palladium
dispersion and particle size for methane oxidation in both dry and wet conditions.
The Pd/γ-Al2O3 model catalysts that were prepared to investigate particle size ef-
fects can be regarded as two subsets, with denoted sample ID’s and physicochemical
properties summarized in Table 2.1. The first subset has a targeted Pd loading ranging
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Figure 3.4: Methane turnover frequency versus Pd particle size for a) parent and b) thermally treated
Pd/Al2O3 powder catalysts at 400 and 450 ◦C in dry (black lines) and wet (blue lines) conditions.
from 0.25 to 4 wt.-% and is referred to as the parent catalysts. The samples in this sub-
set were calcined in air at 500 ◦C for 4 h and the palladium surface area increases with
increasing Pd loading, as shown in Figure 2.5. The second subset consists of samples
where the palladium surface areas are similar to the one with the lowest Pd loading
(0.23 wt.%). These samples have gone through a second calcination step in individual
harsher conditions where significant Pd particle sintering occurred. This subset is re-
ferred to as thermally treated. The fifth extinction profiles for methane oxidation in dry
and wet conditions over parent and thermally treated catalysts were gathered. In order
to avoid misinterpretations, the kinetic experiments were performed for both powder
and monolith samples. From all acquired reactor data, kinetic behaviours and trends
were thoroughly examined.
Normalised reaction rate
In Figure 3.4 the methane TOF at 400 and 450 ◦C is plotted against the Pd particle size
for the two sets of powder samples. In panel a, the TOF reaches a maximum value of
0.012 s−1 for the sample with a particle diameter of 2.1 nm in dry conditions at 400 ◦C.
At 450 ◦C, a decreasing TOF is observed over catalysts with larger particles. This is
likely due to the high catalytic activity regime reached for all samples where the overall
rate to some extent is mass transport limited. In wet conditions, a low TOF is observed
at both 400 and 450 ◦C over all the parent powder samples. For the thermally treated
powder samples in Figure 3.4b, the methane TOF decreases with increasing Pd parti-
cle size. Since the Pd area is approximately the same for these samples, the high rate
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over the sample with smallest particles confirms that an optimum Pd particle size for
methane oxidation is obtained somewhere below 3 nm. Samples with a high fraction
of small particles have an increasing proportion of edges, corners and rim sites. In wet
conditions, the reaction rate is considerably lower also for all thermally treated cata-
lysts. The activity drop, however, is larger for the more highly dispersed catalysts. This
indicates that Pd rim sites that possibly promote the reaction rate in dry conditions are
less tolerant to water vapor due to more severe blocking by, e.g., hydroxyl groups [83].
Apparent activation energy
To further discuss the effect of Pd particle size on the overall catalytic activity and the
occurrence of active rim sites, apparent activation energies (Eappa ) were extracted from
the methane conversion profiles. According to Figure 3.5a, the (Eappa ) of a chemical
reaction can be determined from the Arrhenius plot. The natural logarithm of methane
conversion during the last extinction processes is plotted against 1/temperature in dry
and wet conditions over the 0.23 wt.% Pd/Al2O3 catalyst. Linear regression of the
slopes in the low methane conversion region (≤ 15%), where the overall rate is kineti-
cally controlled, is then used to obtain the Eappa . One should be aware that the apparent
activation energy (Eappa ) will differ compared to the activation energy that is determined
from the rate constant of a surface reaction. Figure 3.5b displays the apparent activa-
tion energies for the thermally treated samples in both dry and wet conditions as a
function of Pd particle size. The parent samples are here excluded since the Eappa was
determined at different temperatures. This is due to a significant difference in catalytic
activity (observed in the extinction profiles in Paper I) for these catalysts depending
on the Pd loading. The thermally treated samples however exhibited similar extinction
profiles and are hence more suitable for Eappa comparisons. The determined values are
furthermore in good agreement with those from similar catalytic systems and reaction
conditions in literature [26–28,84–89].
In dry conditions, Eappa increases with increasing Pd particle size for both powder
and monolith samples. For monolith catalysts, Eappa is 66 kJ/mol for the catalyst with
smallest Pd particles and 99 kJ/mol for the one with the largest particles. The cor-
responding difference is however not higher than 3 kJ/mol for the powder samples.
Due to an additional preparation step for the monolith samples, more error sources
may arise from differences in the washcoat layer and decreased Pd availability due to
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Figure 3.5: a) Arrhenius plots showing the last extinction process in dry (black) and wet (blue) condi-
tions for the 0.23PdAl monolith sample. b) Apparent activation energy for thermally treated Pd/γ-Al2O3
powder (◦) and monolith (4) catalysts.
pore blockage and coverage of active sites by the binder material. Differences in space
velocity and flow characteristics for the measurements with monolith and powder sam-
ples can furthermore give rise to variations in the observed trends. For both powder
and monolith samples, considerably higher Eappa are observed in wet conditions in Fig-
ure 3.5b. For the powder sample with smallest Pd particles, the Eappa increases from 70
to 116 kJ/mol when water is introduced to the feed. On the contrary to dry conditions,
the Eappa decreases with increasing Pd particle size. A similar trend is also observed
for the monolith samples. For the monolith experiments a higher water concentration
of 10 vol.% was used which increased the Eappa . The observed trends in E
app
a support
the existence of different active sites, with varying activity for methane oxidation and
sensitivity towards water. The fraction of these sites is dependent on the Pd dispersion,
which in turn will affect the overall reaction rate. The findings suggests that methane
oxidation over catalysts with mainly large Pd particles proceed predominantly on PdO
sites without contact with the alumina support. However, sites on the Pd particle rim,
corners and edges become more important for highly dispersed Pd catalysts, and con-
tribute to a higher degree to the overall reaction rate. Several studies for different
types of catalytic systems have previously reported that these rim sites may improve the
reaction rate [70–72,90–94].
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CHAPTER 4
MONITORING ADSORBATE SPECIES
4.1 Probing molecules with infrared radiation
Infrared (IR) spectroscopy is a useful method to probe gas-phase reactants and product
molecules as well as intermediate and spectator species adsorbed on the surface of the
catalyst. The method relies on the interaction of photons in the infrared part of the
electromagnetic radiation spectrum with chemical compounds. The interaction occurs
at characteristic frequencies when vibrational or rotational modes of a covalent bond
match a certain photon energy. This triggers a change in dipole moment of the bond and
excites the vibrational mode to a higher energy level [95]. Consequently, the substance
in a sample is revealed by the decreased intensity, known as absorption bands, of the
transmitted IR radiation at specific frequencies that reaches an infrared detector. In IR
spectroscopy, the frequency of an absorption band in the spatial domain is commonly
expressed in cm−1 by a parameter called wavenumber (ν˜). The wavenumber position
of a vibrational mode is related to the bond strength and atom mass at either end of it.
In addition, as a first approximation, the magnitude of the absorbance (A) is related to
the concentration (c) of the light-absorbing species according to the well-known Beer-
Lambert law [42] as:
A = bc (4.1)
where  is the extinction coefficient and b the sample thickness. The variation in ab-
sorbance at different wavenumbers gives rise to an absorption spectrum, which can be
used for qualitative and quantitative analysis of the sample depending on the probing
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Figure 4.1: Illustration of the vibrational modes of a water molecule.
mode.
In this thesis, the mid-infrared region ranging from 400-4000 cm−1, has been used
for qualitative identification of surface-bound species on the examined samples in var-
ious reactant mixtures. Molecular assignment of the evolved absorption bands during
these measurements requires knowledge about vibrational modes. For isolated mul-
tiatomic molecules, the actual vibrational degrees of freedom are dependent on shape
and number of atoms (N). The true vibrations of linear molecules are 3N−5 and 3N−6
in the case of non-linear ones. The product 3N corresponds to the three directions in
space that each atom can move in, and the subtracted number relates to translational
and rotational modes with near zero frequencies. Hence, the remaining modes of a
diatomic molecule like carbon monoxide is only one, assigned to symmetric stretching
of the C-O bond. Another example of true vibrations is illustrated for the triatomic non-
linear water molecule in Figure 4.1. Water has three (3 × 3 − 6) modes of vibrations
that all are IR-active and correspond to antisymmetric stretching (ν˜1) at 3756 cm−1,
symmetric stretching (ν˜2) at 3657 cm−1 and bending (ν˜3) at 1595 cm−1 modes [95]. As
shown when PdO is exposed to water vapor in section 4.3, gaseous water gives rise to a
rich spectrum with several absorption bands. This is due to its small moment of inertia
on rotation, causing a large number of combined vibrational-rotational bands to appear.
4.2 Modes of infrared spectroscopic characterisation
4.2.1 Fourier transform infrared spectroscopy
The wide use of infrared spectroscopy is owing to the rich chemical information that can
be obtained, and several thorough descriptions of a variety of applications are available
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in the literature. Fourier transform infrared (FTIR) spectroscopy has for decades been
recognised as one of the most important IR analysis methods as it offers high signal-
to-noise ratio, acquisition speed and frequency accuracy. In the FTIR spectrometer,
the so-called interferometer plays a crucial role. A simplified schematic of the classi-
cal Michelson interferometer is illustrated in the top left part of Figure 4.2. Briefly, a
semi-transparent mirror (beam splitter) splits the IR radiation coming from the source.
Approximately half of the intensity of the light is transmitted towards a movable mirror
and the other fraction is directed to a fixed mirror. The beams are then reflected by the
mirrors back to the beam splitter and recombine. Some of the recombined (modulated)
radiation travels back towards the IR source and is lost while the remaining part can be
used for sample analysis as it is directed towards the sample and detector. Differences
in optical path length for the beams lead to constructive and destructive interference of
the recombined beams and an amplitude that is either reinforced or cancelled out. For
intermediate phase differences, partial cancellation takes place [95]. The collected raw
data is called an interferogram and displays the relative intensity as a function of posi-
tion of the moving mirror. Finally, the spectral raw data is mathematically converted to
the frequency (wavenumber) domain by Fourier transform. All in all, the construction
enables that an entire spectrum, ranging over a wide span of wavenumbers, rapidly can
be observed at once [42].
4.2.2 Operando diffuse reflectance infrared spectroscopy measure-
ments
There are generally a few modes whereby samples can be irradiated with modulated
IR radiation for FTIR spectroscopic studies. Aside from measurements in transmission
mode, several reflection methods have been developed in recent years. In all, the re-
flection methods can be categorized in three classes known as specular reflectance,
attenuated total reflectance and diffuse reflectance [95]. In this thesis, operando char-
acterisation of surface-bound species has been carried out by infrared Fourier trans-
form spectroscopy in diffuse reflectance mode, known as DRIFTS. Figure 4.2 shows a
schematic of the used DRIFTS setup. Modulated IR radiation is directed towards the
powder sample by an ellipsoidal mirror. Upon hitting the sample it scatters within the
sample (the scattering is limited by the penetration depth), interacts with the sample
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Figure 4.2: Schematic of diffuse reflectance infrared Fourier transform spectroscopy setup.
and is reflected in a diffuse manner in multiple angles. The reflected radiation is then
collected by a second ellipsoidal mirror and directed towards the detector [96].
The DRIFTS technique is relatively simple to use as minimal sample preparation
often only including sieving to a homogeneous powder mixture of appropriate particle
size and possibly mix with some diluent. The diluent should be an optically transparent
powder, like potassium bromide, that in case of a poor signal can be used to increase
the reflectivity from the sample volume. A drawback is the lack of linear relationship
between IR absorption and concentration of absorbing species. Hence, quantitative
analysis is complicated and commonly neglected. Instead, dynamic trends in the ab-
sorbance of different surface-bound species is examined and possibly related to kinetic
measurements.
Informative operando studies require not only that meaningful spectroscopic infor-
mation is collected but also reliable kinetic data. For this it is important to have an
appropriate reaction cell, a fast and clean gas supply, relevant product analytics etc. In
order to avoid sampling and collection of flawed data, one should be aware of potential
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pitfalls. Concerning catalytic studies, powder samples enable a large catalyst surface
area to be exposed to the fluid phase, which governs transport of reactants/products
to/from the active sites [97]. The large dead volume, however, often encountered in
commercial reaction cells may pose some artifacts. It could lead to misinterpretation
of data since the sampling time resolution becomes faster than the actual gas exchange
[98]. To alleviate this problem one can for example increase the total flow rate or de-
sign a new cell with minimized internal volume. Another issue revealed by Meunier
et al. is the significant deviation of effective bulk and surface temperatures of the cat-
alyst bed compared to the set-point temperature measured by a thermocouple located
below the sample bed [99]. In our infrared spectroscopy measurements, an additional
thermocouple was placed in the sample bed close to the radiated surface to ensure that
spectra could be correlated with the correct temperatures. Another matter to bare in
mind is that the reaction cell dimensions rarely are optimized for kinetic measurements,
i.e., fulfilling that the length-to-diameter ratio of the sample bed length is sufficiently
high.
Reliable spectroscopic studies of the effect of water were carried out with a portable
water vapor generator device, illustrated in Figure 4.3a and thoroughly described in
Paper II, connected to the system. As shown in Figure 4.3b, an accurate and precise
supply of ultra-pure water vapor over a range of low volume concentrations is possible.
The water is produced by catalytic hydrogen oxidation over a 10 wt.% Pt/SiO2 catalyst
heated to 300 ◦C. Male connectors welded to the inlet and outlet sections make instal-
lation on various systems fast and durable. The small and robust design of the device
improves its lifetime and facilitates transportation to other research facilities.
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4.3 Evolution of adsorbate species during CO chemisorp-
tion and methane oxidation
The characterisation of the type of surface species and their evolution on the catalysts
during CO chemisorption and methane oxidation conditions is central in this thesis and
examined in Paper I and Paper III. Upon CO chemisorption, the formation of surface-
bound carbonyls with different configurations on reduced palladium is studied as to
learn about the presence of different sites and their proportions, which is used for de-
termining the relevant stoichiometric factor and active surface area for each catalyst.
Further, the formation and stability of surface hydroxyl species are investigated for
several catalysts using systematically varied reaction conditions as to understand the
mechanisms behind the water inhibition in catalytic methane oxidation.
Surface carbonyls
As described in section 2.2.3, CO uptake measurement is a sensitive method for deter-
mining the number of palladium surface atoms of the catalysts provided that the CO
adsorption configurations are sufficiently well known. Figure 4.4a shows that a variety
of carbonyl configurations, attributed to linear and bridge-bonded species, are adsorbed
on the catalysts with different palladium loadings (Paper I). The magnitude of the car-
bonyl bands increases with increased palladium loading as summarized in Table 2.1.
The most characteristic difference in spectral shape involves the bridge-bonded absorp-
tion band at 1990 cm−1 that becomes significantly more intense for catalysts with higher
palladium loading. To distinguish the carbonyl configurations and estimate their rela-
tive proportions, Voigt profiles as shown in Figure 4.4b were used to deconvolute the
absorption bands. The deconvolution procedure is explained in more detail in Paper III.
By integration of the fitted absorption bands for linear (2084, 2062, and 2047 cm−1),
bridge (1989, 1948, 1904 cm−1), and 3-fold hollow (1811 cm−1) bonded CO, a compar-
ison of the proportions of the different carbonyl species for the different samples can be
made [49–51]. Assuming negligible differences in extinction coefficients, the obtained
proportions were used to determine the stoichiometric factors (FS) for CO adsorption
on Pd atoms [100]. A predominant amount of bridge-bonded CO species is shown for
all samples, giving rise to FS of 2.1-2.2 Pd atoms per adsorbed CO molecule.
A similar type of CO adsorption measurement was performed for γ-Al2O3 and Pd/γ-
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Figure 4.4: a) Difference infrared spectra for Pd/Al2O3 catalysts with different Pd loading recorded in
Ar at 35 ◦C 20 min after exposure to 0.2 vol.% CO for 20 min. b) Difference spectrum for the 3.6PdAl
sample and the deconvolution into different CO adsorption configurations.
Al2O3 catalysts calcined at different temperatures as described in Paper III. In addition
to dry conditions, the measurements were carried out in the presence of 1% water va-
por. Under those conditions, a lower coverage of carbonyls is observed as a decreased IR
absorbance. Further, some carbonyl bands shift to lower wavenumbers, which indicates
interactions with hydroxyls adsorbed on Pd [51, 101–103]. Thus, the altered spectral
shape can be interpreted as water or hydroxyl species are adsorbed on palladium.
Surface hydroxyls
It has been proposed that hydroxyl species on Pd/Al2O3 catalysts inhibits the catalytic
activity for methane oxidation by blocking active sites [29,104–107]. Figure 4.5a illus-
trates the different surface hydroxyl configurations that were examined in Paper III and
assigned according to experimental and theoretical studies [108–113]. The remaining
panels of Figure 4.5 show IR absorption spectra acquired for PdO, γ-Al2O3, Pd/γ-Al2O3-
500, and Pd/γ-Al2O3-900 in different mixtures of oxygen, methane and water.
For unsupported PdO, the IR absorption bands at 1300 and 3000 cm−1 observed in
the black spectrum during dry CH4 oxidation in Figure 4.5b, correspond to gas phase
methane, and the smaller band at 2350 cm−1 corresponds to gaseous CO2. Upon adding
water to the feed, multiple IR absorption bands due to water appear in the lower blue
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spectrum. In the upper blue spectrum, these bands have been removed using a water
compensation tool in the OPUS software (used for all spectra shown hereafter) in an
attempt to isolate hydroxyl stretching modes possibly adsorbed on PdO. Despite com-
pensating for water, no absorption bands for (surface) hydroxyls are observed. The lack
of evidence should however not be considered as a proof of non-existence. The specific
surface area and reflectivity of the nearly black PdO powder sample might be too low
to allow detection even in the case of high hydroxyl coverage.
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Figure 4.5c shows that addition of 1.0 vol.% H2O to the reactant feed gives rise to
one negative and four positive absorption bands for the γ-Al2O3 sample. The negative
band with its minimum at 3770 cm−1 corresponds to suppression of a linear hydroxyls
(ν˜OHter (AlV I)) that still was present on the alumina surface after pretreatment when the
reference spectrum was recorded. During increased coverage of linear hydroxyls, the
negative IR absorbance becomes more pronounced and a perturbed vibrational band
(ν˜OHH−bond(Aln)) evolves at 3501 cm
−1. The three remaining bands seen in the blue dif-
ference spectrum at 3736, 3694 and 3555 cm−1 are attributed to ν˜OHter (AlV ), ν˜
OH
br (AlV I)2
and ν˜OHbr (AlV I)3, respectively. The top red spectrum recorded in the end of the experi-
ment after 20 minutes of oxygen treatment reveals that the accumulated hydroxyls on
the surface are rather stable and require higher temperatures to be decomposed.
Similar difference spectra are seen for the Pd/γ-Al2O3 catalysts in the presence of
water vapor in Figure 4.5d and e. However, an extensive build-up of hydroxyl species
is already seen during dry methane oxidation conditions as a consequence of product
water. The hydroxyl formation from the reaction differs between the two catalysts
and a higher absorption is correlated to a higher active metal dispersion. Addition of
water to the reactant mixture shows that the hydroxyls formed in the reaction are not
sufficient to saturate the extended alumina surface. In wet conditions, the main spectral
difference between the two catalysts concerns the perturbation of linear hydroxyls. For
Pd/γ-Al2O3-500, a minor negative band at 3770 cm−1 reveals a low abundance of linear
hydroxyls that can be suppressed by water addition. This correlates to the perturbed
band at 3501 cm−1 that appears as a shoulder and not a pronounced peak as observed
for γ-Al2O3 and Pd/γ-Al2O3-900. This indicates that the concerned sites are blocked by
well dispersed Pd as a result of the impregnation and mild calcination [114].
To delve deeper into the formation routes of surface hydroxyl species, a modified
experimental procedure was used to study the Pd/γ-Al2O3-500 catalyst. The blue dif-
ference spectra in Figure 4.6a and b show a rapid evolution of surface hydroxyl groups
through dissociation of water vapor at both 280 and 350 ◦C, which ceases relatively
fast. As expected, the largest hydroxyl build-up is observed at the lower temperature
due to a lower rate of desorption. After 15 min of oxygen/water exposure, new refer-
ence spectra were recorded, and methane was subsequently added to the feed. A further
considerable hydroxyl build-up is then seen despite the significantly lower amount of
water formed by the reaction than provided by the water vapor generator device.
41
[a
rb
. u
.]
[ ] [ ]
40 8 12 40 8
Figure 4.6: Difference spectra recorded in O2 + H2O over Pd/γ-Al2O3-500 (O2 reference spectrum)
until steady state where a new reference spectrum was recorded before CH4 addition at a) 280 ◦C and
b) 350 ◦C. Hydroxyl build-up is monitored at c) 280 ◦C and d) 350 ◦C for the ν˜OHter (AlV I) (◦), ν˜OHbr (AlV )
(), ν˜OHbr (AlV I)2 (M), ν˜OHbr (AlV I)3 (♦) and ν˜OHH−bond(Aln) (O) absorption bands.
To better track dynamic changes in hydroxyl coverage, each difference spectrum
was deconvoluted by curve fitting using Voigt profiles. As displayed in Figure 4.6c and
d, an instantaneous response is seen for all integrated absorption bands that were mon-
itored when first water and then methane was added to the inlet gas mixture. The
integrated band area for hydroxyls evolved during the initial water step is clearly lower
for the experiment carried out at 350 ◦C. The hydroxyl build-up generated by methane
oxidation in the second step is approximately the same for the two temperatures. This
is due to a significantly higher catalytic activity for methane oxidation at 350 ◦C and
hence a higher hydroxyl formation. The increase in hydroxyl coverage at 350 ◦C com-
pared to 280 ◦C is, however, limited by a higher desorption rate. Although no distinct
differences are seen for the hydroxyls formed by the two routes, it is clear that methane
oxidation provides an additional formation path. Provided by supporting experiments
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in Paper III, we suggest that one such plausible path is spill-over of hydrogen reaction
intermediates to alumina sites in the close proximity of the PdO particles.
In addition to the instantaneous decrease in catalytic activity and rapid hydroxyl
build-up caused by water, a long term-effect was seen in section 3.1. This effect con-
forms with previous studies [29,115,116], and is here investigated by a 24 h operando
DRIFTS-MS methane oxidation experiment in dry and wet conditions over Pd/γ-Al2O3-
500, see Figure 4.7. The deconvoluted band areas in the top panels show an increased
hydroxyl coverage over time that correlates with a declined catalytic activity as shown
in the bottom panels. In the absence of water, the experimental time was not sufficient
to reach steady state. Hence, the continuous hydroxyl accumulation observed during
the first and final 5 h of the experiment, has a negative impact on the reaction kinetics
at 330 ◦C. The hydroxyl build-up is even more pronounced in wet conditions where the
catalytic activity decreases faster and reaches zero level after 5 h. Palladium area mea-
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Figure 4.7: 24 h exposure of Pd/γ-Al2O3-500 to dry (black) and wet (blue) methane oxidation conditions
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surements for the exposed Pd/γ-Al2O3-500 powder sample after the long-term exposure
reveal no sintering. This is in line with the measurements for degreened monolith sam-
ples in section 2.3.3, and reasonable as the catalyst already has been exposed to higher
temperatures during the preparation. Regeneration of catalytic activity has been proven
possible by thermal treatment in dry conditions. These tests strengthen the idea that the
primary effect of water inhibition is due to a high coverage of hydroxyl groups on the
alumina surface surrounding the PdO particles. One way to avoid or at least decrease
the inhibiting effect of water would therefore be to use another, hydrophobic, support.
Zeolite supported Pd-based catalysts have shown promising results for methane
oxidation in the presence of steam [117–120]. To circumvent the inhibiting effect of
water and high accumulation of hydroxyls on Pd/Al2O3, several catalysts with different
zeolite support were prepared and examined. When comparing the evaluated support
materials, the catalyst with a ZSM-5 type of zeolite structure and a SAR of approx-
imately 2000 exhibited the highest catalytic activity in wet conditions. As shown in
Figure 4.8b, this can be correlated to a negligible build-up of hydroxyl species in both
dry and wet conditions on this sample. For the same type of experiment, Figure 4.8a
reveals a high hydroxyl formation from both methane oxidation itself (0-20 min) and
water dissociation (20-40 min) for an Al2O3 supported catalyst. A slight decrease in
hydroxyl coverage is then observed in the last step (40-60 min) when water is removed
from the feed, although still higher than in the initial dry step.
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CHAPTER 5
MONITORING THE STATE OF PALLADIUM
5.1 Probing matter with X-ray radiation
X-rays can be used for bulk material analysis for example of chemical composition as
with XRF (section 2.2.1) and long-range order of crystalline structures as with XRD (sec-
tion 2.2.5). X-ray photoelectron spectroscopy (XPS) is another widespread method with
particular relevance for heterogeneous catalysis as it is surface-sensitive and measures
elemental composition and chemical states of the elements approximately 0-10 nm into
the sample. The XPS measurements, however, are normally performed in ultra-high
vacuum to probe the number and kinetic energy of the excited photoelectrons [121]. In
this thesis X-ray absorption spectroscopy (XAS) was instead used to study the chemistry
of the palladium phase in the catalysts. XAS is a powerful technique that can be used to
study both the chemical state and local structure of a given element without the need
for long-range order and high vacuum [122]. The technique relies on the ability of core-
shell electrons to absorb X-rays of definite energies [123]. The wavelength of the X-rays
used for XAS measurements is of high energy, comparable to interatomic distances of
0.10-0.01 nm. A high brilliance of the radiation is required to enable measurements
with high spatial resolution. Brilliance, also known as brightness, is basically a measure
of X-ray beam intensity and is commonly referred to as number of photons of a given
wavelength and direction on a spot per second [124]. To meet this requirement, XAS
measurements are primarily performed at synchrotron light sources where the brilliance
is up to a hundred billion times higher compared to laboratory X-ray tubes.
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In Figure 5.1c typical X-ray absorption spectra are shown. The sharp increase in
X-ray absorption, known as an absorption edge, occurs when the photon energy is high
enough to excite core-shell electrons in the radiated material. The energy region at high
energies above the absorption edge is the so-called extended X-ray absorption fine struc-
ture (EXAFS) region. Analysis of the EXAFS region can provide information about the
local environment of an atom, e.g., coordination number and distance to neighboring
atoms. The energy region at around the absorption edge is known as the X-ray absorp-
tion near-edge structure (XANES) region. Spectral features of the XANES spectra for a
specific element are primarily affected by the presence of unoccupied states that can
accept the photoelectrons. Comparison of measured spectra with empirical standards
can consequently be used to determine the oxidation state of an element.
5.2 Energy-dispersive X-ray absorption spectroscopy
The state of palladium was probed by XAS measurements over the so-called Pd K-edge
where photons with energy high enough to excite electrons in the Pd 1s orbital into the
continuum is used. The Pd K-edge occurs at approximately 24350 eV, which is covered
by the studied region ranging from 23500 to 26500 eV. All operando XAS experiments
were performed using the energy-dispersive (ED-XAS) technique at beamline ID24 at
the European Synchrotron Radiation Facility (ESRF) in France. Figure 5.1a schemati-
cally shows the experimental setup. Briefly, a beam of high-brilliance X-rays is focused
towards a polychromator crystal by mirrors. The polychromator crystal allows for time
resolved measurements by dispersing the radiation into its different frequencies. The
dispersed X-rays are focused through the sample and the transmitted radiation is mea-
sured by a position-sensitive detector [125]. As indicated in Figure 5.1a, X-rays of high
energy (purple) and low energy (red) are recorded on opposite sides of the detector,
which give rise an absorption spectrum. For ED-XAS measurements, the time it takes to
read out the detected radiation limits the time resolution. Since the read out only takes
a few milliseconds, a standard time resolution of 500 ms per spectrum was readily ob-
tained. This is significantly faster than the total gas-exchange time (3 s) in the reaction
cell, which still is designed to have a low dead volume [126]. Figure 5.1b shows a color-
coded intensity map for a transient ED-XAS experiment with normalised XAS spectra as
a function of time. The Pd/Al2O3-D57% catalyst is here studied during periodic oxidation
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Figure 5.1: a) Schematic of an energy-dispersive XAS setup for operando studies. b) Color-coded inten-
sities of XAS spectra (blue corresponds to low intensity and red high) during 15 min oxidising (1.5% O2)
and 5 min reducing (1.5% H2) periods over Pd/Al2O3-D57% at 360 ◦C. c) XAS spectra of palladium foil
(black) and oxidised Pd/Al2O3-D57% (red).
and reduction at 360 ◦C, starting with a 15 min pulse of oxygen, followed by a 5 min
pulse of hydrogen. The sequence is repeated twice, giving rise to a total experimental
duration of 60 min. It is clear that the composition of the reactant mixture affects the
recorded XAS spectra, and hence the oxidation state of palladium. The observed change
is both rapid and reversible. The reversibility is confirmed by the high spectral similari-
ties seen independently of sequential oxidation or reduction period. Further, the spectra
recorded at the end of the oxidation and reduction periods are similar to the spectra of
Pd foil and PdO powder, respectively. This is thanks to the highly dispersed palladium
particles that easily are oxidised and reduced at this temperature. In Paper IV and
Paper V, linear combination fitting of the normalised spectra to known Pd and PdO
reference spectra, shown in Figure 5.1c, was implemented to estimate the palladium
oxidation state in different conditions [127]. The palladium oxide reference spectrum
is here slightly shifted to higher energies and has a significantly larger peak close to the
absorption edge compared to the reference spectrum of the metallic palladium foil.
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5.3 State of palladium during methane oxidation
The structure of a catalyst depends not only on preparation methods but also on the
reaction conditions in which it operates. In turn, the catalyst structure determines
its function, i.e, catalytic activity and selectivity. This is often referred to as catalyst
structure-function relationships, which can be experimentally revealed only by use of
operando methods. This section presents results from Paper IV where the effect of
reaction temperature and oxygen concentration on the palladium oxidation state of
a 5 wt.% Pd/Al2O3 catalyst is correlated to its catalytic performance. Results for a
2 wt.% Pd/Al2O3 catalyst from Paper V are also presented and compared to experiments
performed in the presence of water. Finally, the influence of catalyst formulation in
terms of support material and palladium particle size, based on results from Paper V, is
discussed.
5.3.1 Influence of reaction conditions
The effects of temperature and oxygen concentration on the oxidation state of pal-
ladium and its activity for methane oxidation were studied by operando XAS during
oxygen step-response experiments in Paper IV. Figure 5.2 shows a rapid increase in
methane conversion and Pd2+ fraction when the feed gas composition is switched from
a reducing flow of only methane to a net-oxidizing mixture containing also 0.6, 1.2 or
2.5% oxygen. The high catalytic activity observed immediately after the oxygen pulse is
assigned to methane oxidation over "metallic" palladium particles. The initial increase
in methane conversion is followed by a temporary minimum as oxygen introduction
first leads to the formation of a chemisorbed oxygen layer on the palladium crystallites.
This is detected by a rapid increase in Pd2+ fraction from a low level to approximately
25%, which corresponds well with the palladium dispersion (20%) for this catalyst. The
results are in line with previous studies where a low catalytic activity for methane ox-
idation has been correlated to an oxygen saturated surface of the palladium particles
[61,128–130]. The temporary minimum is most pronounced in the experiment with the
lowest temperature and oxygen concentration (top left panel of Figure 5.2). In com-
parison to experiments performed at higher oxygen concentrations and temperatures,
a significantly slower increase in Pd2+ fraction is here seen after the initial increase
to 25%, barely reaching 40% at the end of the net-oxidizing period. At 360 ◦C and
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Figure 5.2: Methane conversion and fraction of oxidised Pd during oxygen step-response experiments
over 5 wt.% Pd/Al2O3 by addition of 0.6 (left), 1.2 (middle), and 2.5% (right) O2 to a feed of 0.2 vol.%
CH4 at 320 (top) and 360 ◦C (bottom).
2.5% oxygen present, the corresponding Pd2+ fraction is twice as high. This second ox-
idation regime corresponds to a deeper (bulk) oxidation of palladium crystallites. The
temperature and oxygen concentrations trends are in accordance to previous findings
[131, 132], and the large drop in methane conversion observed in the top left panel is
due to the long time required to form an active bulk palladium oxide phase.
The effects of water vapor and temperature on the palladium oxidation state and
catalytic activity were studied in Paper V. As displayed in the left panels of Figure 5.3,
the methane TOF increases with increased temperature in dry conditions over a 2 wt.%
Pd/Al2O3 catalyst with high dispersion (Pd/Al2O3-D57%). Independent of reaction tem-
perature, an initial increase in Pd2+ fraction to about 50% is seen. Similar to the previ-
ous study on the 5 wt.% Pd/Al2O3 catalyst, this value corresponds well to the palladium
dispersion. Again, higher temperature increases the rate of palladium bulk oxidation.
However, after 15 and 45 min when oxygen is removed from the feed, both the TOF
and Pd2+ fraction decrease rapidly. This is due to the inability of the catalytic system
to regenerate oxygen vacancies in the PdO lattice, which leads to reduction to metallic
palladium by methane. Over time, oxygen becomes a limiting reactant and the methane
TOF decreases to low level. A zero level in Pd2+ fraction is however not reached, indi-
cating that some palladium still interacts with oxygen atoms. One explanation to this
could be the large number of palladium atoms in contact with the alumina through the
large palladium-alumina interface for this highly dispersed sample.
In wet conditions a few differences are observed, see right panels of Figure 5.3.
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over Pd/Al2O3-D57% at 280 (green) 320 (orange) and 360 ◦C (red). 1.5% O2 is turned on/off from the
feed every 15th min.
The methane oxidation is generally inhibited by water and the TOF is lower in the
presence of water vapor in all experimental conditions except during the oxygen-free
steps (15-30 min and 45-60 min) at 360 ◦C. As discussed in section 3.2.1, a high con-
centration of carbon dioxide was detected in the outlet product stream in the absence
of oxygen during a corresponding flow reactor test. At lower temperatures or in the
absence of water, carbon monoxide was instead detected as the main product. This
indicates a change in reaction mechanism from partial methane oxidation to methane
steam reforming and subsequently the water-gas shift reaction is triggered by an ele-
vated reaction temperature. The strong effect of reaction temperature in wet conditions
is furthermore observed for the Pd2+ fraction in the absence of oxygen. At 280 and
320 ◦C, only a slight decrease in palladium oxidation state is seen in the beginning of
a rich period. The Pd2+ fraction is then unaffected until the second oxygen step where
the palladium particles are oxidised slightly more. The exception is again observed for
the experiment performed at 360 ◦C, where a significant reduction as for dry conditions
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occurs. Measurements with periodic oxygen and hydrogen exposure in wet conditions,
included as supporting information in Paper V, confirm that the reduction of palladium
oxide is dependent on temperature and water presence also when hydrogen is used as
reductant. Although a 15 times higher concentration of hydrogen (1.5 %) was added
to the feed compared to methane (0.1 %), a reaction temperature of 280 ◦C was not
sufficient to reduce the palladium oxide particles in the presence of water. An explana-
tion for this could be that a high coverage of surface-bound water or hydroxyl species
on the catalyst prevent the reductant from dissociative adsorption by blocking specific
sites where it otherwise preferentially dissociates and reacts with lattice oxygen.
5.3.2 Influence of catalyst formulation
The top panels in Figure 5.4 reveal that the methane TOF is higher for the two ZSM-5
supported catalysts compared to the ones with Al2O3 support. Further, the catalyst with
lowest palladium dispersion (Pd/ZSM-5-D5.2%) and largest palladium particles shows
the highest TOF in both the absence and presence of water. The same trend is observed
when comparing the two Al2O3 supported catalysts, where the catalytic activity is higher
for Pd/Al2O3-D14% compared to Pd/Al2O3-D57%. As discussed for Pd/Al2O3-D57%, an
inhibiting effect of 1% water vapor is also observed for the catalysts with different
supports and larger palladium particle size during the oxygen lean periods. Similarly,
methane steam reforming occurs at 360 ◦C for all catalysts during the rich periods.
The bottom left panel of Figure 5.4 shows variations in Pd2+ fraction with changes
in the oxygen-to-methane ratio for the four catalysts in dry conditions. Similar to the
previous results, a rapid increase in Pd2+ fraction followed by a gradual increase is
observed when the reduced catalysts are exposed to oxygen. Depending on support
material and palladium dispersion, the palladium particles are oxidized to different ex-
tent during the lean period. The highest Pd2+ fraction is reached for the two catalysts
with the highest palladium dispersion. This indicates that the oxidation rate of pal-
ladium nanoparticles is related to the particle size and that smaller particles are bulk
oxidized faster than larger ones. A similar Pd2+ fraction is furthermore obtained for
the two catalysts with highest palladium dispersion, which is somewhat unexpected
since an approximately three times smaller palladium particle size was measured for
Pd/Al2O3-D57%. Also for the two catalysts with lowest palladium dispersion, a higher
oxidation state is reached for the one with ZSM-5 support. This indicates that also the
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support material impacts the rate of palladium oxidation. A rapid decrease in palladium
oxidation state is furthermore seen for all catalysts in the beginning of the methane rich
periods. Approximately the same Pd2+ fraction is reached for all catalysts except for
Pd/Al2O3-D14% that appears to be slightly more reduced. For the ZSM-5 supported cat-
alysts, a slow increase in Pd2+ fraction is in fact observed during the rich periods after
the initial decrease. This behaviour has previously been observed in the presence of
hydrocarbons, and explained by the formation of palladium carbide [133, 134]. The
palladium carbide formation is however not observed during the rich periods in wet
conditions, see bottom right panel of Figure 5.4. Like previously seen at lower tem-
peratures for Pd/Al2O3-D57%, the presence of water in the feed hampers the reducing
ability of methane for the three remaining catalysts. A reason why only Pd/Al2O3-D57%
is reduced at this temperature is likely related to the smaller palladium particle size and
higher number of available surface sites for dissociative adsorption of methane for this
catalyst.
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CHAPTER 6
CATALYST DESIGN FOR IMPROVED WATER RESISTANCE
Based on the results from previous chapters, we have learned that both palladium par-
ticle size and choice of support material are important design parameters to consider
when formulating methane oxidation catalysts with high resistance towards water in-
hibition. Figure 6.1, shows a long-term methane oxidation experiment performed in
wet conditions over four different catalysts to emphasise the importance of these de-
sign parameters. The two catalysts prepared to have as high palladium dispersion as
possible on Al2O3 and ZSM-5 (SAR 2000), i.e. Pd/Al2O3-D57% and Pd/ZSM-5-D21%, per-
form equally well in dry conditions (0-30 min) where all methane is converted. A lower
catalytic activity, reaching approximately 87% and 68% is observed for Pd/ZSM-5-D5.2%
and Pd/Al2O3-D14%, respectively, i.e. the two catalysts with lowest palladium disper-
sion. After 30 min, 10 vol.% water vapor is added to the reaction feed. A rapid drop
in methane conversion is then observed for all examined catalysts. The largest drops
are observed for the catalysts with alumina support. For the Al2O3 supported cata-
lysts, the initial decrease is followed by a continuous decrease in methane conversion
to a low level of 9 and 0% for Pd/Al2O3-D57% and Pd/Al2O3-D14% respectively. A sig-
nificantly higher resistance towards water inhibition is seen for the ZSM-5 supported
catalysts. The long-term decrease in methane conversion is not as pronounced, and the
conversion remains on a relatively high level of 50% for Pd/ZSM-5-D21% and 30% for
Pd/ZSM-5-D5.2% after 24 h exposure. Finally, when the water vapor is turned off, a re-
gained catalytic activity to initial levels is seen for the ZSM-5 supported catalysts while
left on a lower level for the two catalysts with alumina support.
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The long-term experiment in wet conditions stress the importance of a suitable sup-
port material. As seen for the alumina supported catalysts that traditionally are used for
methane oxidation in vehicle applications, an accumulation of surface hydroxyl species
over time leads to a low catalytic activity. The Pd/Al2O3-D14% sample here represents
a catalyst that has been operating in an abatement system for several years. For such
catalyst, the initially small palladium particles have sintered to larger ones, and its per-
formance in realistic conditions is far from adequate. Non-satisfactory performance is
also revealed for the Al2O3 supported catalyst with the highest palladium dispersion.
Pd/Al2O3-D57% represents a fresh catalyst where the palladium particle size is on the
lower side of the nanometre scale. The poor performance for this catalyst in the pres-
ence of water is in line with results from the catalytic methane oxidation chapter where
increased activation energies and turnover frequencies were disclosed over too small
palladium particles on alumina. For the ZSM-5 supported catalysts, a higher methane
conversion is seen for the one with highest palladium dispersion. To make any further
recommendations regarding an optimal palladium particle size for methane oxidation
in wet conditions over this type of formulation, a more thorough investigation is re-
quired. Model catalysts with ZSM-5 support for such study may resemble the Al2O3
supported ones in Paper I prepared with different palladium loadings and calcination
temperatures.
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CHAPTER 7
CONCLUDING REMARKS
The main focus of this thesis has been to investigate the inhibiting effect of water vapor
on the total oxidation of methane over supported palladium-based catalysts. Various
types of model catalysts have been prepared using different Pd loadings, calcination
conditions and support materials. The samples were thoroughly characterised with dif-
ferent techniques and tested for their ability to oxidise methane in the absence and
presence of water vapor. Transient operando spectroscopy measurements were in ad-
dition performed to monitor changes in the coverage of surface-bound species and Pd
oxidation state, and enable correlations to catalytic activity.
Methane oxidation kinetics
The kinetics for catalytic methane oxidation over Pd/γ-Al2O3 samples with similar Pd
surface area but different Pd dispersion was thoroughly studied from the conversion
profiles of methane in dry and wet conditions. The results showed an increased appar-
ent activation energy with increasing palladium particle size in dry conditions, whereas
the energy barrier decreased in wet conditions. We suggest that PdO sites at the rim
of the palladium oxide particles in contact with the alumina support play an important
role for the activation process. This was especially observed in dry conditions where the
TOF was high and the apparent activation was low for catalysts with a high fraction of
Pd-Al2O3 rim sites. It was however shown that these rim sites were considerably less
tolerant to water, likely caused by a high coverage of hydroxyl species which prevents
them to participate in the reaction. A lower apparent activation energy was instead,
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in the presence of water, observed for catalysts with larger Pd particles and a higher
fraction of sites located solely on the PdO particles. Hence, we suggest that the targeted
palladium particle size for methane oxidation catalysts with increased water resistance,
should not be smaller than approximately 2 nm.
Surface-bound hydroxyls
The evolution of IR-bands associated with linear and bridge-bonded types of hydroxyls
on alumina were observed when Pd/Al2O3 catalysts were exposed to various mixtures
of oxygen, methane, and water. The hydroxyl build-up during methane oxidation in wet
conditions can be divided into two regimes, starting with a rapidly increased coverage
that settles after a few minutes. A slow continuous accumulation is then observed over
time. It was also shown that methane oxidation in itself provided an additional for-
mation route of surface hydroxyls than the ones evolved by water dissociation. These
hydroxyls are expected to be located close the PdO particles, such as the PdO-Al2O3 rim.
No surface-bound hydroxyls were however detected on PdO during methane oxidation
in neither the absence nor presence of water, although the catalytic activity was clearly
lower in wet conditions. This does not necessarily confirm a non-existent or an utterly
low hydroxyl coverage since the lack of absorption bands also could be due to a low
surface area and/or poor reflectivity of the PdO powder sample. Moreover, for bare
γ-Al2O3 and the Pd/γ-Al2O3 catalyst calcined at 900 ◦C, two additional hydroxyl bands,
not observed for catalysts calcined at lower temperatures, appeared upon water expo-
sure. These bands were assigned to suppressed vibrations of linearly bonded hydroxyls
as adjacent species started to interact with each other when the coverage increased.
Since this was not observed for catalysts with high palladium dispersion, it seems like
palladium that preferentially occupies corresponding Lewis acid sites on the alumina
surface decreases due to sintering at high temperature treatment.
Palladium oxidation state
With the understanding of methane oxidation in oxygen excess obtained from activ-
ity tests and infrared spectroscopy measurements, operando XAS experiments instead
revealed how changes in reaction temperature, oxygen concentration, and presence
of water vapor affect the oxidation state of supported palladium particles. Generally,
a rapidly increased methane conversion and palladium oxidation state was observed
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when oxygen was added to a dry feed of methane. This was associated to a high cat-
alytic activity over metallic palladium particles. For Pd/γ-Al2O3, a temporary minimum
in catalytic activity was then observed as oxygen was chemisorbed on metallic palla-
dium. This step was followed by a regenerated catalytic activity as the palladium parti-
cle was bulk oxidised. The duration of the minimum was related to the oxidation rate
of palladium, which in turn increased with increased reaction temperature and oxygen
concentration. When oxygen is switched off from the dry feed, a rapid decrease in
catalytic activity and palladium oxidation state is observed independently off reaction
temperature. In the presence of water vapor however, the decrease in oxidation state is
more or less unaffected when oxygen is turned off at temperatures lower than 360 ◦C.
One explanation to this result could be that hydroxyls adsorbed on the palladium ox-
ide impede methane dissociation and subsequent surface reaction with lattice oxygen,
which impairs the reduction ability.
Support effects
A promoted catalytic activity in terms of increased apparent methane TOF was ob-
served over alumina supported palladium oxide particles compared to bare PdO pow-
der. An even higher methane TOF was furthermore observed in all operando XAS ex-
periments for catalysts with ZSM-5 (SAR-2000) support. Pd/ZSM-5 catalysts are hence
very promising for future applications in emission control. The long term experiments
performed in realistic conditions strengthen the idea of a more durable Pd/ZSM-5 cat-
alyst formulation for methane oxidation compared to Pd/γ-Al2O3 that traditionally is
used.
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